The histone demethylase LSD1 was originally discovered as removing methyl groups from di- 35 and monomethylated histone H3 lysine 4 (H3K4me2/1), and several studies suggest it plays roles 36 in meiosis as well as epigenetic sterility given that in its absence there is evidence of a 37 progressive accumulation of H3K4me2 through generations. In addition to transgenerational 38 sterility, growing evidence for the importance of histone methylation in the regulation of DNA 39 damage repair has attracted more attention to the field in recent years. However, we are still far 40 from understanding the mechanisms by which histone methylation is involved in DNA damage 41 repair and only a few studies have been focused on the roles of histone demethylases in germline 42 maintenance. Here, we show that the histone demethylase LSD1/CeSPR-5 is interacting with the 43 Fanconi Anemia (FA) protein FANCM/CeFNCM-1 based on biochemical, cytological and 44 genetic analyses. LSD1/CeSPR-5 is required for replication stress-induced S-phase checkpoint 45 activation and its absence suppresses the embryonic lethality and larval arrest observed in fncm-1 46 mutants. FANCM/CeFNCM-1 re-localizes upon hydroxyurea exposure and co-localizes with 47 93 1 mutants. We show that FANCM/CeFNCM-1 re-localizes upon HU exposure and co-localizes 94 with FANCD2/CeFCD-2 and LSD1/CeSPR-5. We also show that the potential 95 helicase/translocase domain of FANCM/CeFNCM-1 is necessary for recruiting 96 FANCD2/CeFCD-2 to the site of replication arrest. Surprisingly, the FA pathway is required for 97 H3K4me2 maintenance regardless of the presence of replication stress. Our study reveals a link 98 between Fanconi Anemia and epigenetic maintenance, therefore providing new insights into the 99 6 functions of the Fanconi Anemia pathway and the regulation of histone methylation in DNA 100 repair. 101 102 MATERIALS AND METHODS 103 Strains and alleles 104 C. elegans strains were cultured at 20ºC under standard conditions as described in Brenner 105 (BRENNER 1974). The N2 Bristol strain was used as the wild-type background. The following 106 mutations and chromosome rearrangements were used: LGI: fncm-1(tm3148), spr-5(by101), 107 hT2[
FANCD2/CeFCD-2 and LSD1/CeSPR-5 suggesting coordination between this histone 48 demethylase and FA components to resolve replication stress. Surprisingly, the FA pathway is 49 required for H3K4me2 maintenance regardless of the presence of replication stress. Our study 50 reveals a connection between Fanconi Anemia and epigenetic maintenance, therefore providing 51 new mechanistic insight into the regulation of histone methylation in DNA repair. Immunofluorescence and Western blot analysis 172 Whole mount preparations of dissected gonads, fixation and immunostaining procedures were 173 carried out as described in (COLAIACOVO et al. 2003) . Primary antibodies were used at the 174 following dilutions: rabbit anti-SPR-5 (Santa Cruz sc-98749, 1:500), rabbit anti-SPR-5 ((NOTTKE Cy3 anti-rat, Alexa 488 anti-chicken, and FITC anti-mouse (all from Jackson Immunochemicals), 180 each at 1:250. Immunofluorescence images were collected at 0.2µm intervals with an IX-70 181 microscope (Olympus) and a CoolSNAP HQ CCD camera (Roper Scientific) controlled by the 182 DeltaVision system (Applied Precision). Images were subjected to deconvolution by using the 183 SoftWoRx 3.3.6 software (Applied Precision). 184 For western blot analysis, age-matched 24 hours post-L4 young adult worms were 185 washed off of plates with M9 buffer. 6x SDS buffer was added to the worm pellets, which were 186 then flash frozen in liquid nitrogen and boiled before equal amounts of samples were loaded on 187 gels for SDS-PAGE separation. Co-localization analysis 190 The co-localization tool in Softworx from Applied Precision was employed for co-localization 191 analysis (ADLER AND PARMRYD 2010). 
Co-immunoprecipitation 208
Co-immunoprecipitations were performed with worm lysates from FNCM-1 tagged animals 209 (rj45[fncm-1::GFP::3xFLAG]). Lysis buffer was added to the worm lysates and they were 210 sonicated for 30 cycles of 20 seconds each. The soluble fraction of the lysates was applied to 211 anti-flag M2 magnetic beads (Sigma) that were incubated at 4°C overnight. Interacting proteins were eluted with glycine buffer (pH 2). Eluates were used for Western blot analysis to confirm 213 the interaction of SPR-5 and FNCM-1 proteins. 
RESULTS

221
Mass spectrometry and co-immunoprecipitation analyses reveal that SPR-5 interacts with 222 FNCM-1 223 The histone demethylase SPR-5 in C. elegans as well as its orthologs in humans have been 224 reported to function in DSB repair (HUANG et al. 2007; KATZ et al. 2009; BLACK et al. 2010; 225 NOTTKE et al. 2011; MOSAMMAPARAST et al. 2013; PENG et al. 2015) . To better understand the 226 roles played by SPR-5 in DNA damage repair throughout the germline, we applied a proteomic 227 approach to search for its interacting partners. Specifically, we performed pull-downs with a 228 CRISPR-Cas9 engineered transgenic line expressing the endogenous SPR-5 tagged with GFP 229 and HA (spr-5::GFP::HA), which did not display either the embryonic lethality or DSB 230 sensitivity observed in spr-5 null mutants (Supplemental Figure 1) , followed by liquid 231 chromatography-mass spectrometry (LC-MS) analysis. The Fanconi anemia (FA) FANCM 232 homolog in C. elegans, FNCM-1, was identified in two independent samples utilizing this 233 strategy, each processed with α-HA and α-GFP antibodies ( Table 1 ). The SPR-5 and FNCM-1 234 interaction was not detected in control worms with untagged SPR-5 (Table 1) suggesting that 235 SPR-5's interaction with FANCM/FNCM-1 is specific. Proteins previously shown to interact with SPR-5, such as SPR-1, the ortholog of human co-repressor CoREST, and RCOR-1, an 237 ortholog of human REST co-repressors 2 and 3 (RCOR2 and RCOR3) (JARRIAULT AND 238 GREENWALD 2002; LEE et al. 2008) , were also identified indicating that the pull-down followed 239 by LC-MS worked efficiently.
240
To further validate the interaction between SPR-5 and FNCM-1, we utilized a functional We detected SPR-5 in pull-downs done from fncm-1::GFP::FLAG worm lysates with an α-244 FLAG antibody, further supporting an SPR-5 and FNCM-1interaction in vivo ( Figure 1A ). Since our analysis supports the interaction of SPR-5 with FANCM/FNCM-1 and we previously 248 demonstrated that SPR-5 is required for DSB repair (NOTTKE et al. 2011) we set out to gain 249 insight into the link between SPR-5 and the FA pathway during DNA repair. To this end, we 250 examined the sensitivity of fncm-1 and spr-5 null mutants to different types of DNA damage 251 (LEE et al. 2010; NOTTKE et al. 2011) . First, we found that fncm-1 mutants displayed sensitivity 252 to HU treatment, which results in replication arrest ( Figure 1B and 1C) . Specifically, only 61% 253 of embryos hatched in fncm-1 mutants compared to 75% for wild type (P=0.0367 by the two-254 tailed Mann-Whitney test, 95% C.I.) following an exposure to 3.5mM HU. Moreover, the HU 255 sensitivity observed in fncm-1 mutants was suppressed in fncm-1 spr-5 double mutants 256 (P=0.0006), while spr-5 single mutants did not exhibit any sensitivity compared to wild type (P= 257 observations suggest that FNCM-1 and SPR-5 play a role in DNA repair following collapse of 260 stalled replication forks.
261
Next we examined the DNA damage sensitivity of spr-5 and FA pathway mutants to 262 exogenous DSBs generated by γ-IR. A significant reduction in the levels of hatched embryos was 263 observed in spr-5 null mutants compared to wild type animals ( Figure 1D , 61% and 89% 264 respectively, at a dose of 50Gy; P=0.0175 by the two-tailed Mann-Whitney test, 95% C.I.).
265
However, both fncm-1 and fcd-2 null mutants, which lack the FANCD2 homolog in worms, were 266 not sensitive to exogenous DSBs (100% and 90% hatching, respectively) suggesting that the FA 267 pathway is not involved in DSB repair.
268
Analysis of the sensitivity to DNA interstrand crosslink's (ICLs) revealed that spr-5 269 mutants were not sensitive to ICLs induced by psoralen-UVA in germline nuclei ( Figure 1E ).
270
Specifically, 75% of embryos laid by spr-5 mutants hatched compared to 94% in wild type 271 (P=0.2307 by the two-tailed Mann-Whitney test, 95% C.I.). However, as expected given that 272 FNCM-1 is required for ICL repair (COLLIS et al. 2006) , fncm-1 mutants exhibited significant 273 sensitivity as shown by only 55% hatching (P=0.0087). fncm-1 spr-5 double mutants did not 274 alter the sensitivity observed in fncm-1 single mutants (57%, P=0.9176) indicating that SPR-5 275 does not play a role in ICL repair in germline nuclei ( Figure 1E ). Altogether, these observations 276 suggest that the FA pathway may not be involved in DSB repair in conjunction with SPR-5 and 277 that SPR-5 does not participate in ICL repair along with the FA pathway, but that instead their 278 interaction is necessary upon DNA replication fork arrest.
280
A potential helicase/translocase domain in FNCM-1 is important for somatic repair 281 The FANCM C. elegans homolog FNCM-1 contains well-conserved helicase/translocase 282 domains also present from budding yeast to humans ( Figure 1F ). We generated a 283 helicase/translocase dead mutant by CRISPR-Cas9 engineering based on helicase/translocase 284 dead mutants produced in the MPH1 gene in yeast (SCHELLER et al. 2000 ) that contains the 285 following amino acid changes: M to N, E to Q, and K to D at positions 247, 248, and 250.
286
Interestingly, the fncm-1 NQD mutant exhibited larval arrest levels similar to that observed in fcd-2 287 null mutants ( Figure 1C and 1F, P=0.0247; 84% adults for NQD and 100% for wild type, values 288 are normalized against untreated controls), suggesting that the potential helicase/translocase 289 domain (M 247 E 248 K 250 ) is important for somatic repair. However, this helicase/translocase 290 domain is not necessary for DNA repair upon replication fork arrest in the germline ( Figure 1B , 291 P=0.0017 and P=0.7206, compared to fncm-1 and wild type respectively).
293
FNCM-1 promotes replication fork progression and SPR-5 is required for the formation of 294 single-stranded DNA regions induced by FNCM-1 deficiency 295 Since FANCM has been implicated in promoting S-phase progression (WHITBY 2010), we 296 hypothesized that FNCM-1 might have a similar role. To address FNCM-1's potential role in S-297 phase progression, we monitored the incorporation of a fluorescent nucleotide during S-phase by 298 injecting Cyanine-3-dUTP in the C. elegans gonad. Although we did not observe overt 299 differences in the overall length of the gonads in the mutants compared to wild type, we 300 accounted for this possibility by assessing the relative distance of Cy3-labeled nuclei. We 301 divided the distance of Cy3-labeled nuclei from the distal tip by the length of the specific gonad 302 from distal tip to late pachytene. The relative distance between the Cy3-labeled nuclei and the distal tip was reduced significantly in fncm-1 mutant germlines compared to wild type, 304 suggesting a slowdown in the rate of S-phase progression in the fncm-1 mutants (Figure 2 , 305 relative distance of 7.4 for fncm-1 and 9.5 for wild type, P<0.0001). Consistent with the HU 306 sensitivity assay, the slowdown in S-phase progression observed in fncm-1 single mutants was 307 suppressed in fncm-1 spr-5 double mutants (P<0.0001). Furthermore, fncm-1 NQD mutants also 308 displayed a slowdown in S-phase progression, albeit not as severe as that observed for fncm-1 309 null mutants, suggesting that the fncm-1 NQD mutant is likely a hypomorphic allele (Figure 2, 7.4 310 for fncm-1 and 8.7 for fncm-1 NQD , P=0.0078. Relative distance of 9.5 for wild type and 8.7 for 311 fncm-1 NQD , P=0.3165). To further validate the Cy3 labeling results we examined the formation of 312 single-stranded DNA regions as a result of replication blockage by assessing the presence of 313 RPA-1 signal, which localizes to single-stranded DNA. RPA-1 signal was detected following 314 treatment with 3.5mM HU in fncm-1 mutants but not in either wild type or spr-5 null mutants 315 ( Figure 3A) . Moreover, the RPA-1 signal observed in fncm-1 mutants was suppressed in the 316 fncm-1 spr-5 double mutants. Taken together, these observations suggest that FNCM-1 is 317 required for replication fork progression upon DNA damage and that SPR-5 may be involved in The ratio of mitotic nuclei (+HU/-HU) was not significantly changed in fncm-1 mutants 329 compared to wild type suggesting that the S-phase checkpoint is intact ( Figure 3B , 0.45 and 0.28, 330 respectively). However, a significant increase in the number of nuclei was observed in both spr-5 331 single (0.70) and fncm-1 spr-5 (1.126) double mutants compared to wild type (P=0.0422 and 332 P=0.0095, respectively), indicating that SPR-5 is required for the S-phase DNA damage 333 checkpoint and that lack of SPR-5, which causes accumulation of active chromatin (KATZ et al. DNA, we detected a decrease in the levels of phosphorylated CHK-1 (pCHK-1) in these nuclei in 341 spr-5 mutants compared to wild type upon 3.5mM HU treatment ( Figure 3C , P=0.0053).
342
Altogether, these data indicate that SPR-5 is required for S-phase DNA damage checkpoint ). Furthermore, we observed a higher level of co-localization between FNCM-1 and 365 FCD-2 in the mitotically dividing nuclei at the premeiotic tip and a reduction in the level of co-366 localization at the pachytene stage, which supports FNCM-1 and FCD-2's role in replication fork 367 arrest at the mitotic stage ( Figure 4C ).
368
While FNCM-1 is known to be required for FCD-2 localization ( Figure 4B , (COLLIS et al. 369 2006)), analysis of our helicase-dead fncm-1 NQD mutant revealed a lack of FCD-2 localization, 370 suggesting that the helicase/translocase domain is required for recruiting FCD-2 ( Figure 4B ). displayed similar levels of larval arrest ( Figure 1C ) potentially due to the lack of FCD-2 373 localization in fncm-1 NQD mutants mimicking fcd-2 mutants. Taken together, these data support 374 the idea that FNCM-1 responds to replication fork arrest and recruits downstream players FCD-2 375 and FAN-1 consistent with previous reports from other species. Also, we show for the first time Figure 5A ). We investigated whether SPR-5 and FNCM-1 co-localize on germline nuclei.
381
However, since SPR-5 exhibits a dispersed localization, not limited to distinct foci, it is not 382 possible to assess the co-localization of SPR-5 and FNCM-1 by scoring levels of superimposed 383 foci. To circumvent this issue, we applied a Pearson correlation coefficient method (ADLER AND 384 PARMRYD 2010). Consistent with their interaction by co-IP and LC-MS analysis, we found a 385 high level of co-localization for FNCM-1 and SPR-5 ( Figure 5B ). Average Pearson correlation 386 coefficient was 0.89 at the premeiotic tip and 0.80 at the pachytene stage in the germline.
387
Interestingly, upon replication arrest following HU treatment, we found a high level of co-388 localization between SPR-5 and FNCM-1 persisting from the premeiotic tip to the pachytene 389 stage, unlike in the control where this was progressively reduced. These observations support the 390 idea that cooperation between the H3K4me2 histone demethylase and the FA pathway is 391 reinforced to deal with replication fork blockage. Since lack of LSD1/SPR-5 suppresses the HU sensitivity observed in fncm-1 mutants, we next 396 examined whether H3K4me2, which is regulated by the SPR-5 histone demethylase (KATZ et al. 397 2009; NOTTKE et al. 2011) , was altered by the lack of FNCM-1. Surprisingly, we observed an 398 increase in the levels of H3K4me2 in mutants lacking fncm-1 suggesting a bidirectional 399 functional interaction between SPR-5 and FNCM-1 ( Figure 6A , numbers represent mean data 400 from three independent experiments). Furthermore, H3K4me2 levels are also increased in fcd-2 401 mutants, indicating that not only FANCM/FNCM-1 but also the FA pathway is necessary for 402 maintaining histone demethylation together with LSD1/SPR-5. Although, we cannot rule out the 403 possibility that the increase in H3K4me2 levels could be an indirect consequence resulting, for 404 example, from alterations to cell cycle progression in the mutants.
405
A previous study reported that human FANCD2 and FANCI are required for histone H3 406 exchange when cells are saturated with mitomycin C-induced DNA ICLs (SATO et al. 2012) .
407
Since defective H3 mobility possibly interferes with the accurate interpretation of H3K4 408 dimethylation levels, we normalized the H3K4me2 value to alpha-tubulin in addition to H3.
409
Although we observed changes in the normalized level of H3K4me2, the overall conclusion from 410 this analysis was not altered.
411
Since we observed an inverse correlation between the FA components and the levels of 412 H3K4me2, we also examined the level of SPR-5 protein expression in fncm-1and fcd-2 mutants 413 in the absence or presence of HU exposure. However, the normalized expression level of SPR-5 414 against alpha-tubulin was not altered in wild type with or without HU exposure ( Figure 6B ). observations show that the level of H3K4me2 is not regulated by the level of expression of SPR-417 5 protein when replication forks stall. Taken together, our data support a two-way functional 418 interaction between SPR-5 and the FA pathway in the germline: 1) in the activation of the S-419 phase DNA damage checkpoint in response to stalled replication forks, and 2) in the regulation 420 of H3K4me2. The FA pathway responds to HU-induced replication fork arrest 435 The Fanconi Anemia pathway has been mainly studied in mitotically dividing cells but not in 436 germline nuclei. In this study we identified a dynamic localization pattern for FNCM-1, FCD-2,
437
FAN-1 and LSD-1/CeSPR-5 upon replication fork arrest induced by HU exposure (Figure 4A coefficient, and co-IP results suggest that SPR-5 and FNCM-1 work together in response to 440 replication fork arrest (Figures 1 and 5) . Interestingly, spr-5 mutants displayed DSB sensitivity 441 but not the HU-induced replication fork sensitivity observed in fncm-1 mutants ( Figure 1D and 442 Figure 1B, P=0.0175 and P=0.1720, respectively) . However, a mild but significant reduction in 443 larval arrest was observed ( Figure 1C, P=0 .0285, 100% for wild type and 79% for spr-5), 444 suggesting a role for SPR-5 in mitotic cell division upon DNA replication stress. The interaction 445 between these two proteins, as well as their altered localization upon HU stress, suggest that 446 SPR-5 and FNCM-1 work together upon replication fork arrest. Figure 3A) suggests that SPR-5 may function in replication fork 452 stalling/pause and that being deficient for SPR-5 prevents fork stalling, which then circumvents 453 S-phase checkpoint activation. The defective checkpoint was observed at a lower (3.5mM) but 454 not at a higher (5.5mM) dose of HU, suggesting that an alternative/redundant mechanism for S- respectively. Input represents a concentrated whole worm lysate sample prepared for co-IP. A 658 wild type (N2) worm lysate is shown as a control for anti-SPR-5 and anti-FLAG antibodies. IgG 659 is used as a control for the IP. B. and C. Relative percentage of hatching and larval arrest for the 660 indicated genotypes after treatment with 3.5mM and 5.5mM hydroxyurea (HU), respectively.
661
Relative values are calculated against the absence of treatment. D. FNCM-1 and FCD-2 are not 662 required for DSB repair. fncm-1 and fcd-2 mutants did not exhibit a decrease in embryonic 663 viability (shown as % hatching) compared to wild type following exogenous DSB formation by 664 γ-IR exposure (P=0.0530, 100% hatching for fncm-1 and P=0.8357, 90% hatching for fcd-2). 665 0 and 25µg/ml of trimethylpsoralen-UVA. Asterisks indicate statistical significance; P values 668 were calculated by the two-tailed Mann-Whitney test, 95% C.I. F. Representation of the 669 helicase/translocase amino acid sequence conservation of C. elegans FNCM-1 and its homologs 670 in H. sapiens, M. musculus, D. melanogaster, X. tropicalis, S. pombe, and S. cerevisiae. 671 Alignment was performed using T-COFFEE and Pfam (http://pfam.sanger.ac.uk) . Dark gray 
